Abstract
Objectives-Low exposures to volatile aromatic hydrocarbons and cytogenetic effects in peripheral white blood cells were determined in 25 healthy workers employed in different areas of a styrene production plant in the former German Democratic Republic. The results were compared with 25 healthy unexposed controls (matched for age and sex) employed in the same company. Methods-The concentrations of aromatic hydrocarbons determined from active air sampling in all areas ofthe factory (styrene: 73-3540 ,*gIm3 (<0-01-0*83 ppm); ethylbenzene 365-2340 4ug/m3 (0-08-0*53 ppm); benzene 73-3540 pg/m3 (<0.02-1.11 ppm); toluene 54-2960 ,glm3 (0-01-0'78 ppm); xylenes 12-94 pUglm3 (<0.01-0-02 ppm)) were considerably lower than in the pump house (>4000 ug/m3 styrene, ethylbenzene, benzene, and toluene; >500 4ug/m3 xylenes), which was only intermittently occupied for short periods. Passive personal monitoring, biomonitoring of exhaled air and metabolites (mandelic, phenylglyoxylic, trans, trans-muconic, hippuric, o-, m-and p-methylhippuric acids, and phenol) in urine samples collected before and after an eight hour working shift was used to assess individual exposure. Questionnaires and examination of company records showed that the historical exposure was far higher than that measured. Genotoxic monitoring was performed by nuclease Pl-enhanced 32P-postlabelling of DNA adducts in peripheral blood monocytes, and DNA single strand breaks, sister chromatid exchange, and micronuclei in lymphocytes. The ' 8 Cytogenetic effects found in workers exposed to both toluene and benzene are most probably due to benzene, and it is doubtful whether toluene induces somatic cell damage in humans. '8 Xylenes are also devoid of biological activity and do not induce mutations in the Ames test20 or micronucleation in bone marrow polychromatic erythrocytes after being given intraperitoneally to mice.'7 Xylenes do not induce sister chromatid exchange or chromosomal aberrations in human lymphocytes in vitro2l or cytogenetic effects in lymphocytes of human volunteers after experimental exposure to 174 mg/mi of xylene (15% o-, 25% p-, and 60% m-xylene) for seven hours a day over three consecutive days. 22 In our study, the effect of low occupational exposure to a mixture of styrene, ethylbenzene, benzene, toluene, and xylenes in 25 styrene production workers and 25 nonexposed controls employed at a styrene production plant in the former German Democratic Republic is reported. Exposure was determined by passive and personal air sampling for each subject, biomonitoring of aromatic hydrocarbons in exhaled air, and excretion of urinary metabolites. Cytogenetic studies are reported in which both the short and long term effects of exposure to low concentrations of these aromatic hydrocarbons are determined with nuclease Pl-enhanced 32P-postlabelling of DNA adducts in peripheral blood monocytes as well as DNA single strand breaks, sister chromatid exchange, and micronucleation in lymphocytes. The influence of smoking as a possible confounding factor of genotoxic effects is also reported.
Materials and methods

SUBJECTS
The study was conducted over one working week in July 1991 in a styrene production plant in the former German Democratic Republic. Twenty five exposed workers (mean age 38-8, range and the non-exposed controls in the company medical service, fire brigade, and the security service that manned the factory gates.
The questionnaire showed that the average time of employment of the 25 exposed workers in the plant was 18 years with a historic exposure of one to 34 years. The smoking habits were similar: exposed group, 13 smokers (mean 15-2 cigarettes/day, range 4-40); control group, 17 smokers (mean 17'1 cigarettes/day, range [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Determination of plasma cotinine, a nicotine metabolite, confirmed the similarity of both study groups (exposed smokers v control smokers: 280 (202) v 243 (132) ng cotinine/ml plasma). Apart from the self reported tendency for higher consumption of alcohol in the nonexposed control group, no further noteworthy differences were apparent from the questionnaires. 58 4) 21-2 (14-1) 3-2 (2 0) 10-6 (2 7) 3-4 (2-4) 4-2 (2 8) *P < 0-05; **P < 0-01; ***P < 0-001; paired differences between exposed and unexposed groups for individual aromatic hydrocarbons by Mann-Whimey rank sum test.
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ethylbenzene 1-51 (3 42) ppm; benzene 0-24 (0-24) ppm) than were controls (all <0.004 (0'02) ppm). Toluene exposure, however, was higher in the controls (1P31 (2 68) ppm) than in the exposed workers (0 79 (1.97) ppm). Individual xylene isomers were not determined.
BIOMONITORING OF EXHALED AROMATIC HYDROCARBONS
Analysis of exhaled air after the shift confirmed that workers in the production areas were exposed to significantly (P < 0 001) higher concentrations of all aromatic hydrocarbons except for xylenes (table 2). In the control group, smoking had a significant confounding effect on exhaled benzene (P = 0 007) and toluene (P = 0-021), but not on the concentrations of other aromatic hydrocarbons in the exhaled air of exposed workers. A significant positive correlation between personal air monitoring and exhaled benzene (Pearson's coefficient r = 0 51; P = 0 01) was found. Non-significant or negative correlations were obtained for styrene (r = 0-3 1), ethylbenzene (r = 0O23), and toluene (r= -0-13).
BIOMONITORING OF AROMATIC HYDROCARBON METABOLITES IN URINE
In comparison with the control workers (table 3), metabolite concentrations in urine sampled after the shift in the exposed workers showed significantly higher exposure to styrene and ethylbenzene (mandelic acid P < 0-001; phenylglyoxylic acid P = 0 03) and benzene (trans,trans-muconic acid P = 0 003), but not o-, m-, or p-xylenes (o-, m-, or p-methylhippuric acids). Comparison of urine samples before and after the shift also showed a significant exposure of workers to styrene and ethylbenzene (mandelic acid P < 0 001; phenylglyoxylic acid P = 0 06), but not to benzene, toluene, and xylenes. No significant confounding effect due to smoking was evident. The urinary excretion of m-and pmethylhippuric acid was higher before the shift in smokers than in non-smokers in the exposed group. This was only just significant (P = 0 049).
DNA ADDUCTS IN MONOCYTES
No significant increase in total or segregated monocyte DNA adducts (figure), measured as relative adduct concentrations, were present in the exposed workers (table 4) . Considerable variability between individual workers, but no exposure related or confounding effects due to smoking, was detected.
LYMPHOCYTE MICRONUCLEUS ASSAY
The frequency of micronucleated lymphocytes was not significantly different in exposed and control workers (table 5). Smokers in both groups showed lower but not significantly different frequencies of micronuclei than their non-smoking counterparts. Significantly higher proportions of kinetochore positive micronuclei were found in the total exposed working group (P = 0-007), exposed smokers (P = 0045), and exposed non-smokers (P = 0035). The proportion of kinetochore positive micronuclei was also lower in smokers in both the exposed and control groups when compared with their non-smoking counterparts. This difference was not significant.
SISTER CHROMATID EXCHANGE IN LYMPHOCYTES
The frequency of sister chromatid exchange was almost identical in the exposed workers and controls (table 6) . Slight, but not significant, increases were found in smokers compared with non-smokers in both the exposed and control groups.
DNA SINGLE STRAND BREAKS IN LYMPHOCYTES
No significant differences in DNA single strand breaks in lymphocytes were found between the exposed and control workers (table 7) , and smoking had no effect. Significant repair of DNA single strand breaks (P < 0 003) occurred when lymphocytes from both the exposed and control workers were kept for an additional 12 hours in culture.
The repair capacity was not reduced in smokers when compared with non-smokers.
Discussion
Personal monitoring showed that exposure to all aromatic hydrocarbons with the exception of toluene and xylenes (not determined) was higher in the exposed workers. Comparison of exhaled air after the shift confirmed that the exposed workers were exposed to significantly higher concentrations of styrene, ethylbenzene, benzene, and toluene (all P < 0 001).
As in other studies,39-41 smoking had a significant confounding effect in the control group on the exhaled concentrations of benzene (non-smokers 3-2 (2 0) ,ig/m3; smokers 7 6 (3 8) ,ug/m3; P = 0-007) and toluene (nonsmokers 10-6 (2 7) ,ig/m3; smokers 17-8 (14-5) ug/m3; P = 0-021), but not in the exposed group. As analysis of exhaled air is a sensitive biomonitoring method for toluene and xylene,4' it is evident (table 2) that the workers had little or no exposure to xylenes above background concentrations.
In the exposed working group, urine samples taken after the shift, corrected for creatinine, contained significantly higher concentrations of phenylglyoxylic acid (P = 0-03), mandelic acid (P < 0-001), and trans,transmuconic acid (P = 0-003) providing further confirmation of combined occupational exposure to styrene, ethylbenzene, and benzene. The increase found in trans,transmuconic acid is only partially in agreement with other studies in which both trans,transmuconic acid and phenol are reported to be unsuitable for biomonitoring low benzene exposures (<1 ppm) 274344 Considerable variability between individual workers, but no increase in DNA adducts related to exposures was detected in peripheral blood monocytes (figure), which suggests that sources unrelated to the low occupational exposure to aromatic hydrocarbons may have been responsible for the adduct concentrations found ( No significant differences were found in the frequency of micronuclei in lymphocytes between the exposed and control workers (table 5). The only difference found was a significant increase in the proportion of kinetochore positive micronuclei in the total exposed working group (P = 0 007), exposed smokers (P = 0O045), and exposed nonsmokers (P = 0 035). In the cytokinesis-block method36 that we used, blastogenesis of T lymphocytes stimulated by phytohaemagglutinin provides a means of assessing cytogenetic effects due to long term (historical) exposure as T cells are not always found in the peripheral vasculature, have a half life in excess of four years, and may last in extravascular tissue compartments for extended periods. Micronuclei represent small, additional nuclei formed by the exclusion of chromosome fragments (kinetochore negative micronuclei) or whole chromosomes (kinetochore positive micronuclei) lagging at mitosis. The CREST staining technique is highly effective in distinguishing agents that induce aneuploidy from clastogens in human lymphocytes. 37 As the frequency of total micronuclei and kinetochore positive micronuclei was lower in smokers than in non-smokers in the control group, although not significantly (total micronuclei P = 0-056; kinetochore positive micronuclei P = 0 366), it can only be concluded that the increase in the proportion of kinetochore positive micronuclei in the exposed workers is directly related to occupational exposure to either aromatic hydrocarbons or some other unidentified agent that induces aneuploidy. Although styrene and styrene-7,8-oxide induce micronuclei in human lymphocytes,47 the increased proportion of kinetochore positive micronuclei is more consistent with an indirect genotoxic effect due to benzene metabolites. 48 In contrast with most studies in which structural chromosomal aberrations have been found in workers with current benzene exposure, studies that detected aneuploidy have generally been performed on people with diagnosed bone marrow toxicity some time after benzene exposure had ceased.4950 This is the first reported use of the CREST technique to study kinetochore positive micronuclei in occupationally exposed workers. This reported increase in kinetochore positive micronuclei is particularly significant as very recent studies have shown that both hydroquinone5' and 1,2,4-trihydroxybenzene,52 two metabolites of benzene, induce aneuploidy, a chromosomal defect often detected in leukaemia. 53 The frequency of sister chromatid exchange in lymphocytes was almost identical in the exposed and control workers ( 38 Numbers of DNA single strand breaks were first determined five hours after blood sampling during which time repair of some of the lesions occurred. This was evident from lymphocytes that were kept in culture for a further 12 hours before performing the nick translation assay. Five to 17 hours after drawing the blood samples, significant (P < 0 003) repair of lesions was still evident. With conventional alkaline elution techniques to detect DNA single strand breaks, exposure to styrene (11-2 (0 9) ppm),9 benzene (4-2 (4 2) ppm), and toluene (70 (66) ppm) '9 results in significant increases in DNA single strand breaks in lymphocytes. Both these studies did not investigate possible repair effects. Our results indicate that DNA lesions are not induced by exposure to low concentrations of aromatic hydrocarbons and that lesions present are subject to repair. Furthermore, the capacity for repair is not compromised in smokers.
In summary, low exposure to volatile aromatic hydrocarbons was determined in workers who produce styrene and was compared with a non-exposed control group by air monitoring and biomonitoring techniques. Short term genotoxic effects of exposure were not detected in the form of DNA adducts in peripheral blood monocytes, DNA single strand breaks, and sister chromatid exchanges in lymphocytes. A long term increase in kinetochore positive micronuclei, but not total micronuclei (related to exposure) was found in peripheral lymphocytes, which is consistent with exposure to benzene. Smoking had no confounding effect on any of the measured cytogenetic variables. 
